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drugs. Caspase are cysteine proteases which on activation by external or internal stimuli form central executioner caspases i.e. caspase-3, -6 and -7 (Nunaez et al., 1998) . During apoptosis several cellular processes converge on mitochondria (Wang and Youle, 2009) . Integrity of mitochondria is important for its energy balance as well as cell survival. Decrease in mitochondrial transmembrane potential and altered cellular redox milieu is cause of early stage of mitochondrial mediated apoptosis (Asa and Roberta, 2008) . Intermembrane space of mitochondria has several proteins that can induce apoptosis e.g. Cytochrome C (Kulikov et al., 2012) , Smac, (Rudy et al., 2008) HtrA2/ Omi (Suzuki et al., 2001) . Beside this antiapoptotic proteins Bcl 2 /Bcl xl and apoptotic proteins Bid, Bax, Bak and BH3 domain-only proteins play central role (Youle and Strasser 2008; Wang and Youle 2009 ). This study elucidates that conjugation does not affect the efficacy of parent molecule and induce apoptosis via intrinsic pathways.
Materials and Methods

Synthesis of curcumin conjugates
Synthesis of 4,4'-di-(O-glycinoyl) curcumin ( Figure  1B ): curcuminoids were extracted from turmeric powder with 95% ethanol. Extract was filtered and ethanol was removed via rotary evaporator. Extracted Curcuminoids were purified by column in order to get pure curcumin as described by Almeida et al. (2005) . Curcumin crystallised from aqueous ethanol to yield yellow needles like crystals. 1,7-Bis (4-O-glycinoyl-3-methoxyphenyl)-1,6-heptadiene-3,5-dione was synthesized from sodium salt of curcumin and glycine with slight modification as described by Kumar et al. (2001) .
Synthesis of 4,4'-di-(O-piperoyl) curcumin ( Figure  1C ): piperine was extracted from ground black pepper fruits (100g) in dichloromethane (DCM) (200ml) using Soxhlet (Ikan, 1991) . After 2h of reflux DCM was distilled and the residue obtained was purified on column and piperine obtained crystallized from ethanol. Crystallized piperine was refluxed in ethanolic KOH for 4h to obtain piperic acid. Ethanol was distilled and the remaining concentrate was poured into hot water and acidified with 2N HCl to precipitate piperic acid. 4,4'-di-(O-piperoyl) curcumin was synthesized and purified as described by Mishra et al. (2005) . Purity of of both conjugates was checked by HPLC and NMR.
Reagents and culture methods: MCF-7 and MDA-MB-231 cells were obtained from National Center for Cell Sciences and grown in F-12 and MEM media respectively, supplemented with 10% FCS, 2% Sodium pyruvate, 1% pencillin, and 1% streptomycin. Cells were grown in T-25/75 flasks to 80% confluency at 37 o C also supplemented with 5% CO 2 and humidified air. Cells were routinely trypsinized (0.05% trypsin /EDTA) and subcultured. Curcumin conjugates of CDP and CDG were synthesized in our laboratory.
Cell culture and drug treatment: solutions of curcumin conjugates were prepared in DMSO as stock concentration of 10 mM each and stored at-20 o C. For all in vitro assay solutions of compounds were diluted serially in the range of 1µm to 100µM concentrations. Exponentially growing cells were seeded at the densities that allowed untreated cells to reach nearly confluent state 75-80%. Cells were treated with curcumin conjugates after 24 h of plating in media.
Cell viability assay: cytotoxic effects of curcumin conjugates on MCF-7 and MDA-MB-231 were determined by the trypan blue staining, counting the viable cells on hemocytometer. Briefly cells (1510 4 cells/well) were seeded in 12 well plates. After 24 h of plating the cells were exposed to increasing concentrations of curcumin conjugates ranging from 0-100µM in serum free media, both attached and non attached cell were collected and resuspended in phosphate buffered saline (PBS). The IC 50 values were determined from concentration response curve.
Morphological detection of apoptosis: the cells were fixed for 5min in phosphate buffered saline (PBS) containg 3% papraformaldehyde, washed with PBS, and stained for 10 min in Hoechst33258 (10µg/L), mounted in 50% glycerol and stored at -4 o C before analysis. Nuclear morphology was evaluated using fluorescence micrroscopy.
DNA Fragmentation assay: CDP treated and untreated cells (~10 6 ) were pelleted and resusspended in hypotonic buffer [25 mM trisHCl (pH7.4), 25 mM EDTA and 0.5% triton 5-100] for 30 min on ice. After centrifugation at 10,0005g, 0.1mg/ml Rnase-A was added to supernatant for 2h followed by 0.1 mg/ml of proteanase -K for 4hr at 37 o C. DNA was extracted using phenol -chloroform and then precipitated with ethanol and sodium acetate. Pelleted DNA was dissolved in tris EDTA (pH 8.0) and electrophoresed on a 1.8% agarose gel in the presence of ethidium bromide (0.5µg/ml) and scanned with Geldoc.
TUNEL assay for apoptosis: cells were grown on microscope slides and were treated with CDP based on IC 50 value obtained from cell viability assay. The fragmented DNA of apoptotic cells was quantified by TdT mediated dUTP nick labelling (TUNEL) with the apoptotic detection kit. Briefly cells were fixed with 4% paraformaldehyde at 4 o C and washed with phosphate buffered saline (PBS) for 30min, to each slide was then added 0.1ml of equilibrium buffer and covered with parafilm for 10min at 37 o C. A mixture of 1µl TdT (terminal deoxynucleotidil transferase) enzyme, 5µl nucleotide mix and 45µl equilibrium buffer were prepared in the dark and 50µl of the mixture was added on each slide. Next, the slides were incubated for 1 or 2 h at 37 o C in a container to protect it from any light source. After that 25 SSC were added for 15 min at r.t. to stop the TdT enzymes reaction. After washing with PBS in order to eliminate the unbound fluorescence-dUTP, the slides were immersed in Hoeschst for 15 min in the dark to stain the cells. Slides were dried after rinsing with distilled water and coverslips were later overlaid on the cell area of the slides. This assay specifically detects apoptotic cells when examined through fluorescent microscope.
Measurement of ROS with 2', 7'-dichlorofluorescin diacetate (DCFDA): intracellular ROS generation and mitochondrial membrane potential (∆ψ m ) were measured using 2', 7'-dichlorofluorescin diacetate (DCF-DA) respectively. Cells were plated in six well plates for 0, 12, 24 and 36 h. Drug dose was given as per the IC 50 value obtained. DCF-DA (1µM) was added over 30 minutes to culture medium at 37 o C in dark. Cells were washed with cold PBS, scraped from the plate and resuspended at 1510 6 cells/ml in PBS containing 10 mM EDTA. The fluorescence intensity of the 2', 7'-dichlorofluorscein formed by the reaction between DCF-DA and the intracellular ROS of more than 10,000 viable cells from each sample was analyzed by flowcytometry at an excitation and emission wavelength of 488 and 525nm, respectively. The experiment was repeated at least three times with similar results. Data were expressed as representative histograms from the independent experiments.
Evaluation of mitochondrial membrane potential (∆ψ m ) using DiO6/Rhodamine: DiO6 was used to monitor the curcumin conjugates induced mitochondrial transmembrane potential. Briefly, cells were seeded at density 4510 4 cell/well in six well plates for 0, 12, and 24 h. After drug treatment cells were loaded with probe DiO6 (50nM/L) for 30 min at 37 o C before flowcytometric analysis. The supernatant was removed and the cells were harvested and suspended in PBS. Measurement of the retained DiO6 in each sample was counted for 10,000 cells. DiO6 was excited at 488nm and fluorescence was analyzed at 525nm. Mitochondrial membrane potential was also evaluated by fluorescent dye accumulation in mitochondria. Briefly cells were grown into six well plates over coverslips and treated with CDP for 0, 12 and 24 h. Media was removed and washed with PBS and probed with rhodamine in serum free media for 20min and incubated at 37 o C. Cells were washed twice with PBS and fixed with 4% paraformaldehyde and mitochondrial membrane potential inspected by fluorescence microscopy at 405.
Immunofluorescence: cells were grown on coverslips as described above, treated with CDP, fixed in 4% paraformaldehyde for 30 min at 4 o C. Cells were washed with PBS for 5 min and permeabilized with pre-chilled 0.2% triton-5-100/PBS. Non specific sites were blocked by incubating with 100µl of 2% bovine serum albumin in PBS at 37 o C for 15 min. A mouse monoclonal antibody (primary antibody) against N-terminal of Bax YTH-6A7 (trivigen, Gaithersberg, MD) and goat polyclonal anti-AIF E-1 (Santa Cruz Biotechnology, SANTA Cruz, CA) were used. Before labeling with anti-Bax, cells were permeabilized for 5 min with 0.0125% CHAPS/ PBS to prevent artificial activation of Bax (Antonsson et al., 2000) . Cells were then washed with 2% bovine serum abumin/PBS for 10 min at r.t. before incubating with secondary antibodies. Secondary antibodies: FITC conjugated immunoglobulins (DAKO Denmark) were incubated for 1h coverslips were rinsed with 2% BSA for 10 min and counterstained with Hoechst-33258 (10µg/ ml. Hoechst staining of the nuclei was used to visualize the apoptotic nuclei. Cells were photographed under conventional UV-fluorescence microscope.
Cytosolic and subcellular protein preparation: cells were incubated for 12, 24 and 48h time periods at the concentration to induce apoptosis. Cells were harvested without trypsinisation, centrifuged at 2005g, washed twice with PBS (pH 7.2) and were then pelleted again at 2005g. Cells were resuspended in 5 ml of ice-cold buffer (20 mM HEPES, pH7.5, 1.5 mM MgCl 2 , 250mM sucrose, 1mM EDTA, 1mM EGTA, DTT and protease inhibitors cocktails) and kept on ice for 5 min to break open cells and release nuclei using a pre-chilled Dounce homogenizer. Homogenized cell preparation was centrifuged at 8005g for 10 min at 4 o C to pellet nuclei and supernatant as a cytoplasmic fraction (Hegde et al., 2002) . Again supernatant (cytoplasmic fraction) was centrifuged at 100005g to pellet mitochondria and supernatant was gently separated as cytosolic fraction. In cytosolic fraction RIPA buffer (50 mM Tris, pH 7.5, 50 mM NaCl, 1% triton 5-100, 0.5% SDS, and protease inhibitor cocktail along with (PMSF, 0.1 mM, sodium orthovandate 1mM, and aprotininin and leupeptin 2µg/ml) were mixed well and then centrifuged at 100005g for 10 min at 4 o C to pellet out any solids, supernatant as cytosolic protein preparation stored at -20 o C. Mitochondrial fraction was subjected to freeze-thaw in RIPA buffer and centrifuged at 100005g to remove any solid pellets, supernatant was stored at-20 o C as a crude mitochondrial protein preparation. Resuspended nuclear pellet in (0.88 mM sucrose, 5 mM MgCl 2 , and protease inhibitors) centrifuged at 28005g for 10 min at 4 o C, resulted into a cleaner nuclear pellet. Nuclear pellet was mixed with RIPA buffer and then frozen and thawed to ensure release of as many nuclear proteins as possible. Lysate was centrifuged at 2800g, for 10 min at 4 o C to pellet any solids; supernatant was stored-20 o C as nuclear protein fraction.
Western blot analysis: the protein concentration was measured using Bradford dye absorption spectra, taken at 550nm. After boiling for 10min in the presence of 2-mercaptoethanol, samples containing cell lysate protein were separated on a 12 or 15% sodium dodecyl sulphate-polyacrlamide (SDS) gel and then transferred onto equilibrated nitrocellulose membranes. After skimmed milk blocking, the membranes were incubated with primary antibodies individually with Cytochrome-C, caspase-7, Bax, NF-kB (P65unit), BCl2, BClXL, AIF, Smac and P53 (1:1000 dilution). The bound antibodies were detected with horsereddish peroxidase-labelled sheep anti-mouse IgG or hoseredish peroxidase-labelled ant-rabbit IgG. The immunoblots were then developed with automated developer. Bax NF-kB and AIF nuclear extract were prepared separately on treatment of CDP for 16, 32 and 48h. (Witcher et al., 2003) . Nuclei were pelleted by lysing in hypertonic buffer. Protein concentration was determined using Bradford reagent. Equal amount of protein (50µg) was loaded in each lane and resolved on 12% gel.
Statistical analysis
All the results are expressed as mean±SE (standard error) from one of the three similar experiments performed in triplicate.
Results
The two conjugates of curcumin viz. 4,4'-Odiglycinoyl and 4,4'-O-dipiperoyl esters were synthesized in our laboratory as described by Kumar et al. (2001) and Mishra et al. (2005) . Both curcumin diesters were synthesized from sodium salt of curcumin; by a slightly modified reaction scheme as proposed by Kumar et al. (2001) and Mishra et al. (2005) in order to increase the yield.
Cytotoxicity of curcumin conjugates in MCF-7 and MDA-MB-231 breast cancer cell lines: Cell viability was measured using the trypan blue dye exclusion methods. Drug response curves were drawn on treatment with increasing concentration of curcumin conjugates. Effect of CDG, and CDP on MCF-7 and MDA-MB-231 was comparable to curcumin. CDP shows IC 50 33.6µM and 44.2µM in MCF-7 and MDMB cell lines respectively. While CDG shows IC 50 as 51µM and 55.8µM in MCF-7 and MDA-MB-231 cell lines respectively (Figure 2 ). The cell number of both cell line decreases in 96 h and less than 25% cells survives. CDG and CDP both conjugates have shown time dependent effect also ( Figure 3A and 3B) . Cell morphology on treatment of curcumin conjugates was examined at their IC 50 value. Cells treated with conjugates gets rounded up and detached from culture plates. Curcumin has shown the IC 50 30μM and 45μM in MCF-7 and MDAMB-231 cell lines respectively in our lab conditions. Curcumin was not tested further since pathways and mechanism of cell death for curcumin is very well established.
Effects on cellular and nuclear morphology: in order to check whether at IC 50 value conjugates induced cell death, the cells were stained with fluorescent DNA binding dye (Hoechst-33258). These cells were qualitatively analyzed on treatment of CDG and CDP. Microscopic observation of cellular nucleus of MCF-7 cells has shown typical features of apoptosis i.e. nuclear fragmentation, blebing, chromatin condensation and small apoptotic bodies that are peculiar feature of apoptotic cells (Ziegler and Groscurth, 2004) . While nuclei of MDMB cell lines have shown blebing, bilobed, crescent like structures but not nuclear fragmentation and chromatin condensation as shown in MCF-7 cells (Figure 4) .
DNA fragmentation: to further confirm CDP induced apoptosis in MCF-7 cell line DNA laddering pattern was analyzed at IC 50 concentration on 24, 48 and 72 h of treatment. MCF-7 cells have shown internucleosomal DNA laddering Pattern (Saraste and Pulkki, 2000) . End effect of CDP MCF-7 cells were analyzed for TUNEL assay, a technique which used to find out end result in Cells were plated at the density of 4510 4 cells/ml in 6-well plate over coverslips and were treated with IC 50 concentrations of curcumin conjugates for 48 h. nuclear morphology was observed by Hoechst-33258 staining (405 objective). Nuclei exhibited condensation, margination, and fragmentation after 72 h of treatment while nuclear fragmentations were not seen in MDA-MB-231 cells programmed cell death (Lesauskaite and Ivanoviene, 2002) . TUNEL assay has shown number of apoptotic cells on 36 h of treatment ( Figure 5 ).
Curcumin conjugates induced apoptosis is associated with ROS generation and loss of ∆ψ m in MCF-7 cell lines: Several characteristics of early apoptotic events involve enhanced ROS production and Loss of ∆ψ m (Hail and Lotan, 2000) . The study has been conducted to determine the involvement of ROS of the mitochondriamediated pathway of apoptosis on CDP treatment measured by flowcytometry. ROS production causes loss of mitochondrial membrane potential. To determine the association of ROS/hydroperoxide generation with apoptosis in MCF-7 cell line, the oxidation of DCF was monitored by flowcytometry which has shown more than two fold increase (Figure 6 ). Decrease in mitochondrial membrane potential ∆ψ m mediated by the opening of mitochondrial multicomplex pore in a process termed as permeability transition. Decrease in mitochondrial membrane potential was determined by FACS. Treatment of CDP for 24 h has shown six fold increase in fluorescence ( Figure 6 ). This process has suggested necessarily the release of apoptogenic molecules in the cytosols (Zamzami et al., 1996; Susin et al., 1997) mitochondrial membrane integrity was also measured by rhodamine accumulation in mitochondria. On 24 hr treatment of CDP, fluorescent microscopical observation has shown diffused rhodamine fluorescence in cytosol (Hsu et al., 2007) .
Role of members of Bcl 2 family proteins in mitochondrial apoptosis: Bcl 2 , Bcl xl and Bax are the major molecules which play significant role in mitochondrial pathway of apoptosis. Curcumin conjugate CDP induction altered expression of these members of proteins and were monitored by Western blots. Bcl 2 's expression ( Figure  7A ) decreases in time dependent manner while change in expression of Bcl xl was not observable. Bax is an apoptosis inducing proteins which is over expressed ( Figure 7E ). Bax gene, is an apoptosis promoter, regulates the release of Cytochrome C from mitochondria (Shimizu et al., 1999) and its forced expression is known to lead to a cascade of activation of caspases and to programmed cell death (Rosse et al., 1998; Kagawa et al., 2000) . However it is controversial whether caspases are required for Bax induced apoptosis? Both caspase-dependent cell death (kitanaka et al., 1997) and caspase independent cell death (Xiang et al., 1996) have been reported. Bax is known to be transcriptional target of P53 (Miyashita and Reed, 1995) . However Western blot analysis for P53 on CDP treatment has not shown any change in its expression level.
Release of Cytochrome C during downstream process of loss of mitochondrial membrane potential (MMP): loss of MMP further causes several changes in mitochondrial environment to initiates apoptosis. Cytochrome C is normally physically associated with the inner mitochondrial membrane facing intermembrane space. CDP treatment has shown release of Cytochrome-C into cytosol ( Figure 7A ). Release of Cytochrome C into cytosol initiates downstream processes i.e. caspase activation via a complex of caspase-9 and Apaf-1. MCF-7 has shown apoptosis while it lacks caspase-3. Despite this, MCF-7 cells undergo morphological apoptosis after treatment with a variety of agents and conditions (Oberhammer et al., 1993; Eck-Enriquez et al., 2000; liang, 2001) . SMAC/Dialbo: loss of mitochondrial membrane potential induces release of mitochondrial proapoptotic protein Smac, Smac/Dialbo binds to XIAP thereby antagonizing XIAP interaction with caspase 9 and promoting the activity of caspase 9, followed by caspase 3 and apoptosis. CDP causes release of Smac apotogenic molecule shown by Western blot ( Figure 7B) .
Release of AIF and nuclear translocation: CDP induced release of AIF ( Figure 7C ) and nuclear translocation was observed by Western blot and immunofluorescence. MCF-7 cells lack the functional caspase-3 which is a major executioner caspase protease. It seems that in absence of caspase-3, AIF plays a major role in CDP induced apoptosis. Since it is well known that apoptosis is governed by myriad of cell signaling molecules and proteins, it is difficult to isolate each one due to overlap and shared signaling pathways. It has been shown that two or more than two pathways can exist simultaneously in the same cell. Cell may switch back and forth between concomitantly operating death pathways and dominant cell death features is decided by the comparative speed of other death pathways (Chi et al., 1999) , although attributes of several death pathways can be seen, only the fastest and most striking death pathway is generally observed (Bursch et al., 2001) .
Role of NF-kB in cell survival and apoptosis: on activation, IkBα subunit of NF-kB undergoes phosphorylation and degradation to expose nuclear localization signals on the p50-p65 heterodimer, leadings to its nuclear translocation. In the nucleus it binds to specific consensus sequences in the DNA (5'-GGGACTTTC-3') called kB binding site. Some genes like Cyclin D1, apoptosis suppressor proteins such as Bcl 2 , Bcl xl , VEGF, MMPs are the targets for nuclear factor -kB (NF-kB) and critical to the establishment of early and late carcinogenesis (Aggarwal and Shishodia, 2004; Hussain et al., 2008) . Curcumin suppresses activation of NF-kB as reported by several authors. Therefore, agents that can suppress NF-kB activation have potential to prevent or delay the onset of or treat NF-kB linked cancers (Yu et al., 2011) . We report the decrease in expression of NF-kB in nuclear extract of MCF-7 cell line on treatment with CDP ( Figure 7D ). Inhibition of NF-kB translocation on treatment of CDP was also shown by immunoflurscence further support our findings.
Discussion
Curcumin is pharmacologically safe upto 12g/day but due to poor oral bioavailability and high rate of metabolic detoxification it does not reach upto optimal plasma concentration required for therapeutic potency. Our long term approach is to enhance oral bioavailability and plasma retention time by blocking metabolic sites of the molecule. Most hydrophobic drug molecules like curcumin are effluxed through MDR (multidrug resistance) protein P-gp (P-glycoprotein). Pgp is highly expressed in most of the biological gates where it gets into intestinal epithelia of kidney, liver and blood brain barriers; Piperine enhances the oral bioavailability of curcumin Shoba et al. (1998) and also computationally shown by (Singh et al, 2013) . Esterification of curcumin with piperic acid and amino acids like glycine block its phenolic functions which are the metabolic sites for sulfatation and glucoronidation. Thus the metabolic degradation rate is delayed. Piperine should overcome the efflux problem and amino acids could smuggle curcumin inside cells via natural transporters. Glycine is an essential building block of all living cells, therefore can drag (smuggle) curcumin molecule inside cells enhancing bioavailability. Carrying forth the above hypotheses these molecules were covalently linked i.e. curcumin and piperine were extracted from their natural resources and their conjugates were synthesized. Whether antitumor properties of these covalently linked molecules were retained or compromised; in vitro testing were performed in MCF-7 and MDA-MB-231 cell lines.
In the present work, we elucidated the mechanism of cell death induced by curcumin conjugates i.e. CDP and CDG in MCF-7 and MDA-MB-231 breast cancer cell line. In both the cell lines the IC 50 of CDG and CDP were comparable with curcumin. Both conjugates have shown time and dose dependent response (Figure 2) . In order to further investigate whether the cell death is due to necrosis or a programmed cell death in MCF-7 and MDA-MB-231 were stained by Hoechst, a fluorescent dye to find out change in nuclear morphology (Figure 4) . Fluorescently stained cells have shown apoptotic features in both cell lines. Finally cells were also examined by TUNEL assay to confirm that cell death occurs via apoptosis. MDA-MB-231 cells have shown cell death at a little higher concentration than MCF-7. DNA laddering along with TUNEL positive cells characteristics of apoptosis was observed on CDP treatment.
Cell system is evolved in such a fashion so that it encounters against any external stimuli and if fails to survive it shifts to death via necrosis or programmed cell death (apoptosis). CDP treatment in MCF-7 cell line has shown alteration in ratio of Bcl 2 and Bax ( Figure 7A and 7E). Curcumin also has shown alteration in Bcl 2 and Bax ratio in several cell lines. Bcl 2 and Bcl xl both are antiapoptotic proteins which extend cell survival against many anticancer stimuli. Another family of proteins i.e. Bax and Bak induce apoptosis in cells. Hence the ratio antiapoptotic vs apoptotic protein is important to lead the way of mitochondrial dependent apoptosis (Chen et al., 2010; Kunwar et al., 2012) . Bax translocates to mitochondria and leads to membrane permeabilization. In BH3 domain only members of Bcl 2 family proteins induce conformational changes and activate Bax (Bleicken et al., 2010; Westphal et al., 2011) . Moreover Bax and Bak oligomerization -mediated membrane perforation occurs upstream to release AIF and endonuclease G (Asa and Roberta. 2008) . Bax is known to form large lipidic pores through which high molecular weight molecules can pass (Bleicken et al., 2010) . Rashmi et al. (2005) have shown role of Bax in curcumin-induced apoptosis using isogenic human colon cancer cells (HCT 116) . The results from their study suggest that Bax deficiency almost completely prevented the release of Cytochrome C, AIF and Smac with subsequent inhibition of caspases 3, 8 and 9. The reintroduction of Bax causes overexpression of Smac or AIF, or the downregulation of Bcl xl .
The present work has confirmed that CDP treatment induced ROS production similar to curcumin and induces apoptosis via mitochondrial pathway. Therefore CDP is a major source for ROS production (Anto et al., 2002; Uddin et al., 2005) . It is possible that curcumin activates mitochondrial enzymes that lead to production of ROS. There are several reports which suggest that curcumin works as pro-oxidant (Anto et al., 2002; Atsumi et al., 2005; Strasser et al., 2005) and antioxidant (Mishra et al., 2005b; Barzegar and Moosavi, 2011) . Moreover, it is reported that curcumin quenches ROS at lower levels and induces the same at higher concentration. It is well established that curcumin interact with thioredoxin reductase irreversibly (Fang et al., 2005 ) also has been confirmed by computational methods (Singh and Misra, 2009) . Curcumin alters the activity of NADPH oxidase leading to production of ROS (Fang et al., 2005) . Thioredoxin reductase catalyzes NADPH dependent reduction of thioredoxin which plays an essential role in substrate reduction defense against oxidative stress and redox regulation. Further we investigated the release of Cytochrome C in cytosolic fraction of MCF-7 cells ( Figure 7A ). Release of Cytochrome C is a hallmark for DOI:http://dx.doi.org/10.7314/APJCP.2013.14.10.5797 Curcumin Conjugates Induce Apoptosis Via a Mitochondrial Dependent Pathway in MCF-7 and MDA-MB-231 Cells caspase dependent cell death. However, MCF-7 cells lack caspase-3 which is the main executioner caspase of cell death. Caspase-7 is similar to caspase-3 which works on most of the substrates of caspase-3. In absence of caspase-3, caspase-7 is known to takeover the function of caspase-3. Walsh et al. (2008) have shown that out of twenty twelve substrates preferentially processed by caspase-3, only one (cochaperone p23) was more susceptible to proteolytic processing by caspase-7. Yang et al. (2001) have shown reconstitution of caspase-3 which sensitizes MCF-7 breast cancer cells to doxorubicin-and etoposide-induced apoptosis while MCF-7 is resistant to both drugs while CDP is sensitive to MCF-7 in absence of functional caspase-3.
Loss of mitochondrial membrane potential induces release of Cytochrome C, Smac/DiALBO, Omi/H2rA2, AIF and Endo G protein. Release of Smac, a mitochondrial proapoptotic protein is followed with its binding to XIAP, by which it antagonizes XIAP interaction with caspase 9, thereby promoting the activity of caspase 9, followed by caspase 3 and apoptosis. Fandy et al. (2008) have shown that Smac/DIABLO gene or cell permeable Smac/DIABLO peptide enhances the apoptosis-inducing potential of chemotherapeutic drugs and irradiation, and sensitizes TRAIL-resistant breast cancer cells to apoptosis. CDP induced cell death has shown increased expression of AIF in nuclear extract in time dependent manner ( Figure  7C ). Immunofluorescence of AIF translocation to nucleus further confirmed AIF induced cell death in MCF-7 cell line. The lack of functional caspase-3 MCF-7 might be the cause for shift of pathway i.e. induction of AIF mediated cell death. NF-kB is another important macromolecule required for cell survival which normally resides in cytosol and upon activation it gets translocated to nucleus induces expression of several transcription factors which are required for cell survival and growth. CDP inhibits translocation of this molecule to nucleus therefore inhibits the activity of the molecule. Western blot of NF-kB from nuclear extract has shown decrease in expression which is also supported by immunofluorescence.
In conclusion, considering all the above experimental facts it is concluded that CDP induced apoptosis involves activation of Bax, redistribution of AIF from mitochondria to nucleus, release of mitochondrial apoptogenic molecule Cytochrome C and Smac as well as depletion of Bcl 2 and inhibition of Nf-kB translocation. Treatment with CDP clearly suggests the role of mitochondrial mediated cell death in MCF-7 cell line. However, along with in vitro studies, in vivo study is must in order to understand the therapeutic potential of curcumin conjugates in breast neoplasia with their enhanced pharmacokinetics as prodrugs. Based on in vitro data showing comparable proapoptotic activity of the conjugates to that of curcumin, if pharmacokinetic (PK) data reveals an x-fold increase in systemically achievable levels, then these compounds could have value in delivering pharmacologic doses of drug to target tissues.
